We investigate the factors responsible for initiating coronal mass ejections (CMEs), specifically, the role of magnetic helicity. Using numerical simulations of the breakout model for CMEs, we show that eruption occurs at a fixed magnitude of free energy in the corona, independent of the value of helicity. Almost identical eruptions are obtained for both large and zero-helicity cases. Furthermore, the eruption can actually lead to an increase in the helicity remaining in the corona. These results argue strongly against recent models that postulate a critical helicity buildup and shedding as the determining factors for CME initiation.
INTRODUCTION
One of the outstanding challenges in plasma astrophysics is to determine the physical origin of the giant disruptions of the Sun's magnetic field observed as a coronal mass ejection (CME)/eruptive flare. Most authors agree that a CME represents the explosive release of the free energy stored in the strongly stressed magnetic field of a filament channel, but there is little agreement on the reasons for the explosion (see reviews by Forbes 2000 , Klimchuk 2001 , Low 2001 , Wu et al. 2001 , Lin et al. 2003 , and Linker et al. 2003 ). An idea that has attracted widespread attention in recent years is that magnetic helicity is the deciding factor. By extending the pioneering work of Woltjer (1958) and Taylor (1974) to systems with non-fluxsurface boundaries, Berger & Field (1984;  see also Finn & Antonsen 1985) were able to show that the helicity of the corona should be conserved during either an ideal or a resistive evolution involving magnetic reconnection. Consequently, the helicity of the filament channel field, and of the corona as a whole, must constantly increase as a result of the emergence of twisted flux through the photosphere and as a result of the shearing of coronal flux by photospheric motions. The key point is that the corona can limit this buildup only by ejecting helicity out to the heliosphere, for example, via a CME.
These basic conclusions have led a number of authors to advocate that the buildup of helicity to a critical value is the underlying cause of CMEs and that the shedding of helicity by CMEs is an essential element of eruptive solar activity and of the solar cycle itself (e.g., Rust & Kumar 1994; Bieber & Rust 1995; Low 1996; Kumar & Rust 1996; van Driel-Gesztelyi et al. 1999; Low 2001; Rust 2001; Demoulin et al. 2002; Nindos et al. 2003; Gopalswamy et al. 2003; Wang et al. 2004 ). In fact, it has been argued that this scenario of critical helicity buildup and shedding should be considered the paradigm for filament ejections/CMEs (Low 1996; Rust 2001) . Support for the argument that helicity plays a decisive role in CMEs is provided by the work of Kusano et al. (2004) , who find from their numerical simulations that eruptions are triggered by a reversal of helicity injection into a filament channel.
One expects that if the free energy of the closed field corona increases to a value larger than that of an appropriate open state, then a CME that explosively lowers the energy to the open state is likely to occur (the challenge for theory, of course, is how to obtain such a large free energy (e.g., Aly 1984 Aly , 1991 Sturrock 1991) . However, we see no obvious rationale for a critical helicity threshold. While a large amount of twist concentrated in a flux rope may lead to a kink instability, and subsequently an eruption and reduction in helicity, it should be stressed that helicity also includes a writhe component (see Berger 1999) , and large helicity does not necessarily imply large twist. Thus, strong shearing without twist can create large helicity densities without driving a kink instability. Indeed, it is well known observationally that filament channels have shear but minimal twist prior to eruption (Aulanier et al. 2002) .
Therefore, in order to test the critical helicity hypothesis, we perform a numerical experiment, described below, that uses the breakout model for CME initiation (Antiochos 1998; Antiochos et al. 1999) . We have shown recently that breakout does produce a fast eruption (MacNeice et al. 2004, hereafter M04) , but in all our previous simulations, the model has been driven by a shear flow that injects both free energy and net helicity into the corona, and, consequently, the eruption sheds both a large free energy and helicity from the closed field corona. It is not possible to determine the importance of helicity for eruption from the previous simulations. In this Letter we present the results of a novel simulation in which the free energy in the corona increases but in which the helicity is held to remain near zero. We compare and contrast the results with the previous simulations.
THE NUMERICAL MODEL
Other than the latitudinal dependence of the shear profile, the model is the same as that described in M04 and in Antiochos et al. (1999) ; therefore, we do not describe the details here.
At the inner radial boundary, we impose an azimuthal shear of the form 
is greatest (i.e., ) for both the original M04 case (dashed line) t p 50,000 s and the zero-helicity case (solid line).
. We only apply the shear for a half-cycle of , 2t t p 100,000 s after which we set at the inner boundary. The inclusion
of the factor sets the maximum azimuthal angle through p/2 which the field lines are displaced.
The shear profile used by Antiochos et al. (1999) and M04 had a latitudinal dependence given by
where is the colatitude, is the lati-
V p p/15 tudinal extent of the shear region in each hemisphere, and is a normalization constant chosen so that
The helicity injected at the inner boundary at any time is given by
Clearly, the contributions to from the north and south hemi-H i spheres are identical, since is symmetric about the equator, A f while both and are antisymmetric.
In order to formulate a shear profile that gives while H p 0 i keeping the original magnetic field structure unchanged, it is evident that must change sign in any given hemisphere. We v f choose a latitudinal dependence of
where , , and is a constant
A comparison of this shear profile with the original is shown in Figure 1 . The inner shear profile in the northern and southern hemispheres ( ) is designed to capture the essential 0 ≤ FwF ≤ p/15 features of the original case, i.e., a function of the same latitudinal extent with . The shear distributions in max (Fs F) p 1 v the outer regions (which were zero for the p/15 ! FwF ≤ p/11 original case) make canceling contributions to the total injected helicity. So that the magnitude of the shear in these regions is comparatively small, we choose an outer point as far as possible from the equator but still within the separatrix points.
RESULTS
Despite the modification made to the shear profile, the evolution of the system is very similar to the original case. Indeed, the density contour maps and field line traces closely resemble those presented by M04.
As stress is applied to the inner flux system, it expands outward, producing reconnection between the central inner and polar flux systems. This "breakout" reconnection transfers flux from the equatorial and polar systems to the two midlatitude systems, resulting in faster outward expansion. Once the equatorial system expands sufficiently, a vertical current sheet along the equatorial plane forms low down, yielding a new site for reconnection. This "flare" reconnection results in the formation of a flux rope that is ejected from the corona and in the relaxation of the coronal field back to a configuration similar to the initial potential state. As a result of the plasmoid expansion, the magnetic energy in the system drops dramatically, but the helicity is conserved to high accuracy if the system is well resolved numerically (M04).
The total helicity in the system is given by (e.g., Antiochos et al. 2002) H p Ϫ2 A B dV.
͵ f f
A plot of the positive and negative helicity contributions against time, together with the total helicity in the system, is shown in Figure 2 . Clearly, there is cancellation between the positive and negative helicities, resulting in a substantial reduction in total helicity compared with the original case (∼10 9 cf. ∼10 11 ). To make a meaningful comparison between the two cases, the magnetic energy in the system should be comparable. Therefore, we also plot the time evolution of the energy associated with the f-component of the magnetic field,
This gives an estimate of the magnetic energy injected into the system. A comparison of the energies for the two cases is shown in Figure 3 . As expected from the form of the shear profiles (Fig. 1) , the free energy rises faster in the zero-helicity case. But despite this difference, the energy at which eruption occurs is approximately the same in the two cases (Fig. 3) . Further- more, the amount of energy lost by the ejection and the detailed form of the energy evolution are very similar for the two cases. Figure 4 shows helicity contour map snapshots overlaid with selected magnetic field lines taken at and t p 50,000 s t p . Following M04, we project the field lines onto the 74,000 s plane. To avoid the plot becoming cluttered, some magf p 0 netic field lines are terminated once they extend beyond the range Ϫ or if the number of points plotted exp/4 ≤ f ≤ p/4 ceeds 3000. It is evident from the left panel of Figure 4 that in addition to the injection of positive helicity near the equator, very similar to the previous case, there is now also an injection of negative helicity around the positive helicity region. This pattern of a negative helicity shell surrounding a positive helicity core persists as the equatorial flux system expands and as the null point moves outward. We note from the right panel of Figure 4 that the flare reconnection preserves this helicity pattern in both the ejected plasmoid and the reformed equatorial flux system.
A key point, however, is that the evolution of the negative helicity shell is different than that of the positive helicity core. It can be seen from Figure 4 that all the negative helicity flux undergoes eruption and flare reconnection; therefore, all this flux sheds a large fraction of its injected helicity. But for the positive helicity core, only the field above a certain flux surface undergoes eruption and flare reconnection.
We see from Figure 4 that there is a small innermost equatorial region that never undergoes eruption and, hence, pre-serves all its injected helicity. The net effect is that the postflare equatorial system is no longer balanced in negative and positive helicity. For this zero-helicity case, the CME actually ends up increasing the helicity of the closed corona by a small amount. The helicity of the equatorial flux system is ∼10 9 prior to the eruption and ∼ after the eruption. Here, the units of 
DISCUSSION
The main conclusion from our numerical experiment is that helicity does not play a determining role in CME initiation. Our results argue strongly against the hypothesis that CMEs are due to a critical helicity buildup. They support, instead, the hypothesis that free energy is the only important factor. Figure  3 demonstrates clearly that two systems with very different helicities but similar free energies undergo almost identical eruptions. Furthermore, we find that eruption can actually increase coronal helicity rather than shed it.
We recognize that our numerical experiment employs an unrealistic helicity injection profile and that the resulting eruption may be inconsistent with observations suggesting magnetic clouds have a single sense of helicity (Ruzmaikin et al. 2003) . However, our aim was to determine the physical requirements for CME eruption, not to model a real event.
The discussion above deals only with total helicity. It may be argued that even though our zero-helicity case has small total helicity, it does have large helicity density at various flux surfaces, and that it is a critical value of helicity density that causes eruption. Of course, it is trivially true that eruption requires a nonzero helicity density somewhere in the system, because if the helicity density vanishes everywhere, the field must be potential. But our results also indicate that a critical value for helicity density is not required for eruption. For an axisymmetric system, the helicity density can be proven to be equivalent to footpoint shear (e.g., Antiochos et al. 2002) . Figure 1 shows that the positive shear profile is almost identical for the zero-helicity and the net-helicity cases. Therefore, because the positive helicity injection is almost identical for the two cases, they have similar positive helicity density distributions as a function of time. But the zero helicity case erupts well before the nonzero helicity case (Fig. 3) , indicating that it erupts at smaller values of helicity density.
While the footpoints are sheared much faster than realistic solar speeds, the maximum shear speed in our model (∼10 km s Ϫ1 ) is an order of magnitude smaller than the Alfvén speed at the inner boundary. Furthermore, we do not believe that the results are sensitive to the specific time dependence of the shearing. In the nonzero helicity case, Antiochos et al. (1999) observed an eruption after four separate shearing phases (with comparable total footpoint displacement), in contrast with the "single phase" shear used by MacNeice et al. (2004) .
In summary, we conclude that neither total helicity nor helicity density is a determining factor for CME initiation. The only critical factor is free energy. We emphasize, however, that helicity is still highly important for understanding CMEs. Helicity is the only topological measure that is expected to be conserved during the formation of the filament channel, during the eruption and subsequent reconnection, and during the propagation of the CME to Earth. Therefore, accurate measurement and modeling of magnetic helicity are essential if we are to understand the coupling between the photosphere, corona, and heliosphere (e.g., Bieber & Rust 1995; Leamon et al. 2004; Lynch et al. 2004 ).
